Signs or symptoms of impaired autonomic regulation of circulation are typically present in patients affected by Parkinson's disease (PD), in agreement with the cardiac sympathetic denervation discovered by Goldstein more than 15 yrs. ago.
MIBG and the role of sympathetic cardiac innervations
Cardiac sympathetic innervation is responsible for hemodynamic adaptations of the cardiovascular system to changing demands. Nor-epinephrine (NE), neurotransmitter of the sympathetic system, is synthesized from the aminoacid tyrosine that is stored in high concentration in synaptic vesicles.
When a stimulus occurs, vesicles containing NE are released into the synaptic space, and NE bind to post synaptic beta-1, beta-2, and alfa receptors, enhancing adenyl-cyclase activity through an intermediary G protein, finally resulting in the cardiac stimulatory effects.
NE is taken back into the presynaptic terminal by a protein-mediated sodium energy and temperature-dependent transporter for storage or catabolic disposal that terminates the sympathetic response; this specific process of action is known as "uptake-1 pathway". Moreover part of NE into the synaptic space, is taken up by non-neuronal postsynaptic cells, probably through a passive diffusion (uptake-2 pathway) [1, 2] .
Guanethidine, a false neurotransmitter analog of NE, may be chemically modified in meta-Iodo Benzyl Guanidine (mIBG) that can be labeled with radioactive iodine ( 123 Iodine most commonly), becoming 123 I-mIBG. mIBG is actively taken up through the uptake-1 pathway by the postganglionic pre synaptic nerves endings of the adrenergic nervous system. In contrast to NE, 123 I-mIBG is not catabolized by monoamine oxidase or catechol-O-methyltransferase; therefore 123 I-mIBG is retained and localized in myocardial sympathetic nerve endings at a sufficient concentration to be imaged with a conventional gamma camera. On the basis of this pathophysiological premise, 123 I-MIBG myocardial scintigraphy can non-invasively assess the postganglionic presynaptic cardiac sympathetic nerve endings.
Technical considerations for cardiac MIBG imaging
123 I-mIBG injection is performed at rest and requires only a minimal preparation. Many medications, such as antidepressants, antipsychotics, and some calcium channel blockers, potentially interfere with catecholamine uptake and should be stopped at least Cardiac MIBG uptake in the early imaging phase mainly reflects the density of the presynaptic cardiac sympathetic nerve endings, whereas the delayed imaging phase reflects the presynaptic functional tone of the cardiac sympathetic nerve as well. The uptake can be semi-quantitatively evaluated by calculating the heart-to mediastinum (H/M) ratio by setting regions of interest over the heart and the upper mediastinum chosen on the anterior planar view of the chest as background.
The appropriate dosage of 123 I-mIBG has not yet been definitively established. In several published studies investigators have proposed a dose of 3-5 mCi, and this is generally satisfactory for a standard planar image analysis. Nevertheless , because it is often difficult to obtain satisfactory SPECT images using this dosage, particularly in patients with severe cardiac dysfunction or with severe neurological impairment, higher doses allowing a reduced time of acquisition and/or a better count rate may be appropriate.
Although some investigators suggest that only the delayed image should be used for interpretation and analysis because it represents actual neuronal uptake (as opposed to interstitial uptake in the early images), studies from other authors have reported that the estimation of mIBG washout rate (WR) between early and delayed images may provide additional information. In non-collaborative patients the early and delayed planar acquisitions with the estimation of WR may be considered a reasonable approach. This assumption is particularly true in patients with neurological impairment where motion artifacts may significantly affect image quality in SPECT, even more if myocardial uptake is reduced. In fact, global cardiac uptake as well as the estimation of the heart/mediastinal ratio (H/M) can be reliably assessed from planar images although the superposition of liver and lungs presenting high 123 I-mIBG concentrations negatively affects scintigraphic acquisitions mainly in most seriously affected patients.
In the standard procedure, the H/M is calculated on a delayed anterior chest planar image by drawing a region of interest (ROI) including the heart (H) and the other one over the upper mediastinum; the mean counts per pixel in the heart are divided by the mean counts per pixel in the mediastinum. The method proposed by various investigators in defining the cardiac ROI are different, with some authors using a ROI limited to the myocardial wall, others drawing a ROI around the entire heart, and still others drawing the ROI around the entire heart, but excluding the cavity. In the neurological setting we prefer to draw the ROI around the entire heart because in these patients a markedly reduced uptake may be present with a poor myocardial representation not allowing a reliable definition of the myocardial wall; although this method is less accurate and produces a lower H/M ratio respect to the one constructed on the myocardial mass, on the contrary it is more reproducible in patients with faint uptake, becoming therefore in our opinion the best approach for the evaluation of myocardial denervation, as early marker of PD and as differential parameter between PD and parkinsonims. In order to standardize the image analysis, the ROIs depiction is crucial: we try to use in all patients the same mediastinal ROI , of fixed dimensions. Moreover both ROIs are depicted on early images then pasted on delayed ones, being frequently the earlier uptake more favorable to define the ROI's position. The procedure is particularly effective when the patient is repositioned in the same position in further controls. Irrespective of which procedure has been used, normal values for H/M range from 1.9 to 2.8 with a mean of approximately 2.2 [3, 4] .
The H/M ratio reflects receptor density and integrity of pre-synaptic nerve terminals and uptake-1 function. A high ratio indicates a predominant localization of the tracer in the myocardium that is expected for normal hearts, whereas a decreased ratio indicates a lower myocardial uptake, with an increased activity in extra-cardiac structures: therefore these data are in agreement with a reduced cardiac adrenergic receptor density [5] .
The late H/M ratio combines information on neuronal function from uptake to release through the storage vesicles at the nerve terminals [6] .
Sympathetic system in Parkinson's disease
Parkinson's disease (PD) is the most common neurodegenerative parkinsonism characterized by the degeneration of both dopaminergic and non-dopaminergic neurons, with neuronal intra-cytoplasmic inclusions known as Lewy bodies. Patients with PD typically present tremor, rigidity and bradykinesia. Furthermore PD is characterized by a cardiac dysautonomia determined, as demonstrated in 1997 by Goldstein using cardiac imaging with 18F-Dopamine, by the loss of at least one mechanism in post-ganglionic noradrenergic nerves [7] . After 15 years and many imaging studies performed with different techniques, the cardiac sympathetic denervation is today worldwide accepted as a PD biomarker [8] [9] [10] [11] .
Abnormalities of tau and α-synuclein have been described in a variety of neurodegenerative diseases, all showing parkinsonism with symptoms as tremor, bradykinesia, rigidity and gait impairment. Main tauopathies with parkinsonism are progressive supranuclear palsy (PSP) and cortico-basal degeneration (CBD). PSP is a clinical entity that shows supranuclear ophthalmoplegia, dystonia, rigidity of the neck and upper trunk, pseudobulbar palsy, and dementia [12] . CBD was first described in 1968 as cortico-dentato-nigral degeneration with neuronal achromasia [13] , which shows late middle age onset, progressive asymmetric rigidity, apraxia, tremor, and cortical and extrapyramidal dysfunction [14] . On the other hand, the main synucleinopathies with parkinsonism are Parkinson's disease (PD) and multiple system atrophy with parkinsonism (MSA-P). PD is the most common cause of parkinsonism; MSA was first introduced in 1969 [15] , and MSA-P has been recognized as a certain type of MSA showing predominant parkinsonism, autonomic failure, and poor levodopa-response [16] .The clinical differentiation among PSP, CBD, MSA-P and PD is of decisive importance to pre-define the response to therapy and the respective prognosis. At disease onset, it is particularly difficult to precisely diagnose and distinguish these forms presenting with an akinetic-rigid syndrome. Furthermore PD is characterized by a variety of non-motor manifestations, which sometimes dominate the clinical picture and can precede the movement disorder, even by decades. These include constipation, depression, cognitive dysfunction, anosmia, REM behavior disorder, and orthostatic hypotension. The latter three non-motor Review manifestations are associated with cardiac sympathetic denervation [17] [18] [19] (Figure 1A, B) .
Almost all patients with PD have at least a partial olfactory dysfunction, and a substantial minority presents anosmia. Among patients with α-synuclein pathologies such as PD, the grade of anosmia measured by UPSIT scores, is positively correlated with myocardial noradrenergic innervation as assessed by cardiac sympathetic neuroimaging [19] . REM behavior disorder (RBD) is a new pathological entity associated with PD. RBD patients present an evident myocardial noradrenergic denervation as demonstrated by cardiac sympathetic neuroimaging [21, 22] . Most PD patients may eventually develop dementia. In some patients dementia precedes the movement disorder or dominates the clinical picture, whereas the presence of visual hallucinations and fluctuating cognition leads to a diagnosis of Lewy Body Dementia (DLB) when in presence of insufficient signs in agreement with PD diagnosis. DLB is defined on the basis of a neuroimaging pattern concomitant with an evident cardiac sympathetic denervation. In this regard DLB differs from Alzheimer's disease, in which cardiac sympathetic innervation is generally intact. Because of this distinction, cardiac sympathetic neuroimaging has been proposed as a tool for a differential diagnosis of DLB respect to Alzheimers disease and Frontotemporal Dementia (FTD) [23, 24] .
The sympathetic denervation in PD is further responsible for the orthostatic hypotension. This condition when in association with PD, is characterized by a cardiac and extra-cardiac noradrenergic denervation, accompanied by an arterial baroreflex failure, as recently described by Goldstein [25] .
The complexity of this scenario is further complicated, from the nuclear medicine point of view, by the ability of MRI to differentiate various pathological entities that coexist in tau and α-synuclein abnormalities. Although new MRI techniques, as the thickness measurements of selected areas as well as functional analysis of the answers to specific motor tasks, have been recently introduced with interesting results [26] [27] [28] , mIBG and dopamine imaging remain an important clinical tool, exclusively providing to the neurologist the functional status of a specifically involved neurotransmission. This scenario will be soon expanded by the availability of hybrid PET-MRI scanners, being also viable when PET and MRI may interact in a more strict connection [29] .
The role of cardiac mIBG Imaging in PD
Being early differentiation of PD respect to other neurodegenerative parkinsonism crucial, there is an important need to improve the diagnostic accuracy of 123 I-mIBG myocardial scintigraphy. This radionuclide study was originally developed to assess postganglionic presynaptic cardiac sympathetic nerve endings in heart diseases for pathologies including congestive heart failure, ischemic heart disease, and cardiomyopathy. Subsequently, cardiac uptake was demonstrated to be reduced in patients with Lewy body diseases, such as PD [30, 31] and DLB [32] ; furthermore it has been reported to be useful for differentiating PD respect to other parkinsonism as well as DLB respect to Alzheimer's disease (AD). Post mortem studies have shown that the number of cardiac tyrosine hydroxylase (TH)-immunoreactive axons, marker for sympathetic axons, is decreased in pathologically confirmed PD and DLB [33, 34] , supporting the findings of a reduced cardiac mIBG uptake in Lewy body diseases (Figure 2A, B) .
Moreover it has been revealed that PD, DLB and pure autonomic failure (PAF) share a single clinic-pathological entity: Lewy Bodies diseases (LBD) has thus become a general term for these conditions, Lewy bodies having been pathologically observed in the nervous system of patients affected with these disorders [35] [36] [37] [38] . LBD present an impairment of adrenergic function and consequently an abnormal myocardial innervation imaging: the involvement of myocardial postganglionic sympathetic nerves may account for the reduction of myocardial mIBG uptake in patients with PD, as well as in patients with other LBD [39, 41] . Also patients with idiopathic RBD usually present a reduction of myocardial mIBG uptake; RBD consists of a wide range of neurodegenerative disorders, but the pathological entity of idiopathic RBD has not yet been confirmed.
In recent papers focusing the attention on diagnostic accuracy of cardiac mIBG for differentiating PD from Essential tremors, Review as well as PD from other parkinsonism (MSA, PSP and CBD), different methodologies have been adopted, including acquisition parameters, processing, gold standard, and cut-off values. Two meta-analyses performed by Treglia [42] and Orimo [43] have calculated the diagnostic performances of mIBG in PD, MSA, PSP, CBD, LBD, also considering technical differences. Analyzing 11 studies published with the aim to distinguish PD from other parkinsonism including MSA, PSP and CBD, Orimo et al. [43] have observed a sensitivity ranging from 64.5% to 100% by using delayed H/M ratios, while specificities were between 23.1% and 100.0%. In this meta-analysis, the pooled sensitivity and specificity were respectively 89.7% (95% CI: 81.6%, 94.5%) and 82.6% (95% CI: 60.2%, 93.7%). The H/M early ratios in the same group of studies ranged from 67.5% to 92.0%, while the specificities were between 44.4% and 100.0%. In the evaluation of only 5 studies including patients with PD at an early stage (Hoehn-Yahr stage 1 or 2) a sensitivity and specificity respectively of 94.1% and 80.2 has been calculated. Finally Orimo and colleagues have meta-analyzed the accuracy of mIBG in differentiating PD from MSA and PD from PSP. They have reported a 90% sensitivity and a 82% specificity from 10 studies focused on PD against MSA, while in PD versus PSP the sensitivity and specificity were 91,4% and 78% respectively. This meta-analysis demonstrated a pooled sensitivity of 89.7% and a specificity of 82.6% using the delayed H/M ratio for differentiating PD from other neurodegenerative parkinsonisms, supporting the use of the delayed ratio, although similar diagnostic performances have been obtained in this setting applying early H/M ratio. Similar mIBG performances were detected in PD at an early stage; although these data have been obtained at the present in a little series, they are in accordance with the hypothesis of mIBG as marker of pre-motor PD. It has to be pointed out that in PD myocardial mIBG's uptake irreversibly and progressively decrease with disease's progression; sometimes the cardiac denervation detected by mIBG precedes motor symptoms and is irrespective of dopamine loss in the striatum. These evidences enhance the mIBG impact in the clinical scenario of patients with PD.
For differentiating PD from MSA, different meta-analysis [44, 45] reported a sensitivity of 90% and a specificity of 85%. It has to be remembered that in MSA the central and preganglionic neurons are pathologically involved whereas postganglionic sympathetic neurons are usually spared. Therefore, as reduced cardiac mIBG uptake implies a decreased density of the post-ganglionic presynaptic cardiac sympathetic nerve endings, cardiac mIBG uptake is generally not reduced in MSA. However, a reduction of cardiac mIBG uptake was found in some patients with MSA [46, 47] . Indeed, although the number of tyrosine hydroxylase-immunoreactive (TH-ir) axons of the heart is markedly decreased in PD and basically preserved in MSA [47, 48] , 6 out of 15 subjects with longer duration of illness and with pathologically confirmed MSA exhibited a slightly decreased number of TH-ir axons [49] . This result suggests that a reduction of cardiac mIBG uptake can occur in MSA. Nevertheless, mIBG uptake in MSA patients tends to be normal or, when slightly decreased, with values generally higher than in PD ( Figure 3A, B) .
Similar mIBG performances in differentiating PD from PSP (sensitivity: 91.4%; specificity: 78%) have been reported. As patients with PSP usually do not have autonomic dysfunction, thus cardiovascular autonomic dysfunction being an exclusionary feature of PSP, cardiac mIBG uptake should not be reduced in PSP. Conversely, some patients with PSP showed reduced cardiac mIBG uptake probably due, at least in part, to the effects of tricyclic anti-depressants which may reduce cardiac mIBG uptake, non-suitably suspended before the radionuclide scan. Therefore, careful attention must be given to administered medications and to their suspension, to avoid pitfalls and mistakes .
Another recent meta-analysis performed by King [50] has confirmed the utility of mIBG scintigraphy in discriminating LBD from non-LBD: these authors have identified an ideal H/M threshold value (H/M = 1.77) that may be useful in differentiating these clusters. This threshold value has been obtained by a ROC analysis performed using H/M values of different studies; the H/M threshold value of 1.77 yielded 94% of sensitivity and 91% of Another issue that may be addressed by mIBG is the evaluation of patients with freezing. Freezing is a form of gait disturbance with sudden and transient motor block. This condition may be a motor symptom of advanced PD as well as it can constitute the "Primary Progressive Freezing of Gait" (PPFG). Our group demonstrated a normal myocardial sympathetic activity in PPFG differently from patients with freezing and PD presenting severe reduction of mIBG uptake [51] .
Limits in sensitivity and specificity
Possible causes of false positive and false negative results of mIBG should be kept in mind. It should be noted that a decreased myocardial mIBG uptake is not specific of LBD and PD; in fact, various heart diseases and diabetes may damage the postganglionic sympathetic neurons, leading to false-positive mIBG findings [52, 53] . In particular false-positive results may also be age-related and non-specific for postganglionic sympathetic degeneration, showing myocardial mIBG uptake a significant age-related decrease.
False-negative results of mIBG scintigraphy in patients with PD may be caused by an early stage of disease, in presence of a disease duration less than one year, by tremor-dominant phenotypes, by some genetically determined PD [54] .
Conclusion
Metaiodobenzylguanidine was developed initially as a tracer for oncological imaging [55, 56] ; when labeled with 123 I or 131 I, it may detect apudomas, such as pheochromocytomas and paragangliomas [57] . In the last years mIBG has found an important role also in neurology and cardiology, as cardiac innervation's tracer [58] . Myocardial mIBG scintigraphy helps to differentiate between PD and other parkinsonian syndromes in clinically difficult cases. Furthermore, the myocardial mIBG scintigraphy allows insights into the pathophysiology of PD, significantly correlating with the motor phenotype and with the nigrostriatal function (measured by DATscan). These facts suggest that cerebral nigrostriatal dopaminergic degeneration and myocardial sympathetic degeneration coexist in PD. However new emerging data support the idea that dopamine and sympathetic involvement may not progress linearly in parallel; sometimes mIBG's cardiac uptake reduction precedes motor impairment and dopamine degeneration in PD patients. Finally the contemporary use of MIBG and DATscan permits to distinguish specific pathological entities with similar symptoms.
